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INTRODUCTION 


For  many  years,  alumina  (AI2O3)  has  been  recognized  as  a  potentially  promising 
metal  matrix  composite  reinforcement  for  high-temperature  and  many  chemically- 
aggressive  environmental  applications.^1 2 3 4 5 6 7 8 9 10^  For  temperatures  below  900°C,  it  retains 
most  of  its  elastic  stiffness,  structural  strength,  and  abrasion  resistance.  It  is 
also  inert  to  most  metals  and  exhibits  excellent  oxidation  resistance. 

Early  attempts  to  utilize  alumina  fibers  were  not  commercially  successful  due 
primarily  to  insurmountable  fabrication  costs  and  handling  problems  associated  with 
the  single  crystal  filaments  and  whiskers  that  were  available  at  the  time.^  However, 
in  1975  these  barriers  were  essentially  removed  by  DuPont  with  the  introduction  of 
continuous  polycrystalline  alumina  filaments  called  Fiber  FP.  These  filaments,  which 
are  available  in  a  mul t i f i lament  yarn,  can  be  easily  fabricated  into  a  metal  matrix 
composite  using  conventional  casting  and  liquid  infiltration  techniques.  Because  of 
its  potential  low  cost the  polycrystalline  alumina  fiber  is  competitive  with  other 
high  performance  fibers  such  as  boron,  graphite,  and  silicon  carbide. 

ALuminum^’^  and  magnesium^  alloys  have  been  successfully  reinforced  with  poly- 
crvstalline  alumina  and  are  currently  being  evaluated  for  applications  requiring 
cost-effective  material  property  improvements.  These  composites  have  excellent  com¬ 
pressive  properties  and  exhibit  transverse  tensile  strengths  that  are  3  to  5  times 
greater  than  similar  composites  reinforced  with  graphite. ^  However,  because  of  high 
density  (3.9  g/cm^)  and  a  moderate  tensile  strength  (200  ksi  to  270  ksi  for  1-inch 
gage  lengths)  the  polycrystalline  alumina  fiber  does  not  compete  favorably  with  boron 
or  graphite  for  simple  un  iax i a  1 -t ens  i  le  applications. 

All  of  the  technically  important  metal  matrix  reinforcing  fibers  including 
alumina,  boron,  graphite,  and  silicon  carbide  are  intrinsically  brittle  materials 
that  exhibit  significantly  large  variabilities  in  strength.  Because  of  this,  their 
failure  strengths  can  only  be  statistically  defined.  Typically,  the  coefficients  of 
variation  in  the  mean  failure  strengths  of  these  materials  are  10  percent  to  30  per¬ 
cent  or  higher. In  contrast,  metal  filaments  exhibit  a  much  lower  variability  in 
failure  strength  because  of  their  ductile  nature.  A  heavily  cold-worked  304  stain¬ 
less  steel  filament  (27  pm  diameter),  for  example,  exhibits  less  than  5  percent  coef¬ 
ficient  of  variation  at  a  340  .  mean  failure  stress.  This  variability  in  strength 

primarily  reflects  tin'  flaw  sensitivity  of  these  materials.  Also,  because  of  the 
probability  of  finding  critical  flaws  increases  as  their  length  increases,  these 

1.  SUTTON,  W.  II.,  and  CHORNI\  J.  Potential  of  OxuK- Fiber  Rein  fore  c  d  Metals,  liber  Composite  Materials,  Am.  Soc.  ror  Metals, 

Metals  Park,  Ohio,  1965,  p.  173-222. 

2.  BAILEY,  J.  E.,  and  BARKER,  IE  A.  Trial  of  Strength.  Chemistry  in  Britain,  December  1974,  p.  465470. 

3.  PREWO,  K,  M.  Fabrication  and  /  valuation  of  Low  Cost  Alumina  Fiber  Reinforced  Metal  Matrices.  United  Technologies  Research 
Center,  l  ast  Hartford,  Connecticut,  Contract  N00014-76-C-0035,  Interim  Technical  Report  R77-9I  2245-3,  May  1977. 

4.  Commercial  Opportunities  for  Advanced  Composites.  A.  A.  Watts,  ed.,  A  STM  STP  704,  A  STM,  Philadelphia,  Pennsylvania,  1980. 

5.  CHAMPION,  A.  R.,  et  al.  Liber  LP  Reinforced  Metal  Matrix  Composites.  Proceedings  of  the  International  Conference  on  Composite 
Materials,  B.  Norton,  et  at,  ed..  Met.  Soc.  of  AIME.  1978,  p.  883-904. 

6.  PH  I  NOR  A,  A.  K.,  and  KRUECI  R,  W.  H.  New  engineering  Material  -  Magnesium  Coating  Reinforced  with  DuPont  Continuous 
Alumina  Liber  LP.  Presented  at  the  World  Conference  on  Magnesium,  Oslo,  Norway,  June  1979. 

7.  now,  N.  1  and  DERBY,  E.  Survev  of  Metal-Matrix  Technology  for  Fabrication  of  Bridging  Structures.  Materials  Sciences  Corp., 

Blue  Bell,  Pennsylvania,  Contract  DAAC46-79-C-0067,  f  inal  Report,  AMMRC  TR  80-53,  November  1980. 

8.  AHMAD,  I.,  et  al.  Silicon  Carbide  Filaments  as  Reinforcements  for  High  Temperature  Alloy  Materials.  ICCM,  Proceedings  of  the 
1975  International  Conference  on  Composite  Materials,  E.  Scab,  et  al.,  ed..  Met.  Soc.  of  AIME,  New  York,  1976,  p.  85-102. 

9.  STREET,  K.  N..  and  EERTE,  J.  P,  On  the  Strength- Length  Dependence  of  Boron  Fibres.  ICCM,  Proceedings  of  the  1975  International 
Conference  on  Composite  Materials,  E.  Scab,  et  al.,  cd..  Met.  Soc.  of  AIME,  New  York.  1976,  p.  137-163. 

10.  JONES,  J.  B..  et  al.  Analysis  of  flaws  in  high  Strength  Carbon  Fibers  from  Me  so  phase  Pitch.  J.  of  Materials  Science  v  IS  1980 
p.  2455-2465. 


filamentary  materials  exhibit  a  decrease  in  strength  with  increasing  gage  length. 
Typical  examples  of  this  strength  versus  gage  length  dependence  are  shown  in  Figures 
1  and  2  for  boron, ^  graphite, 10,11  silicon  carbide,®  and  for  comparison  a  heavily 
cold-worked  304  stainless  steel.  The  PAN  base  graphite  fiber  (mean  strengths  and 
mean  gage  lengths)  shown  in  Figure  l  were  derived  from  individual  test  data  reported 
in  Re  fere nee  11, 

Because  of  the  limited  amount  of  data  available  on  Fiber  FP  (polycrystalline 
alumina)^ an  experimental  study  was  conducted  to  define  the  gage  length  dependence 
and  the  statistical  strength  of  this  material.  These  results  were  then  used  to  pre¬ 
dict  the  failure  strengths  of  uniaxial ly  reinforced  FP/aluminum  and  FP/magnesium  com¬ 
posites  with  an  analysis  proposed  by  Zweben. ^ 


Nominal  Gage  Length  (inches) 


Figure  1.  The  effect  of  gage  length  on  filament  tensile  failure 
stresses  of  boron  and  graphite. 


Nominal  Gage  length  i inches) 


Figure  2.  The  effect  of  gage  length  on  filament  tensile  failure 
stresses  of  304  stainless  steel  and  silicon  carbide. 


I  l  Dll  I  I  NDOKI  .  K.  I.,  .i ml  I  \k  \RNKV.  I  .  High  l\ rformancc  (dr  bon  /'//>< rv.  Polymer  I  nuineerin.L’  ami  Science,  v.  15.  no.  3.  1975. 
p.  150  159. 
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1979.  p.  :2H->62. 


EXPERIMENTAL  PROCEDURE 


The  polycrystalline  alumina  used  in  this  study  was  obtained  from  a  single 
bobbin  of  Fiber  FP  yarn  containing  approximately  197  filaments  purchased  from 
DuPont.  These  filaments  have  a  circular  cross  section  and  do  not  vary  appreciably 
in  diameter  along  their  length.  Typical  SEM  views  of  the  "as-received"  filaments 
(Figure  3)  illustrate  this  diameter  uniformity.  Also  shown  is  an  organic  residue 
that  was  found  on  most  of  the  fiber  surfaces  examined.  The  residue  is  probably  an 
acrylic  that  is  used  by  DuPont  in  its  fabrication  process  and  can  be  easily  burned 
off  without  damaging  the  filament.  It  was  necessary  to  remove  this  residue  in  order 
to  minimize  filament  breakage  during  the  separation  of  individual  filaments  from 
the  yarn. 

Optical  microscopic  diameter  measurements  were  obtained  from  metal lographical ly 
mounted  and  polished  cross  sections  and  from  longitudinal  surveys  of  individual  test 
specimens.  The  average  of  34  fiber  diameter  measurements  obtained  from  1,000  magni¬ 
fication  photomicrograph  -  of  the  mounted  yarn  cross  sections  was  19.6  pm  (0.772  x 
10”3  inches)  with  an  8.9  percent  coefficient  of  variation.  The  average  of  186  diam¬ 
eter  measurements  made  from  longitudinal  filament  surveys  at  660  magnification  with 
a  calibrated  filar  eyepiece  micrometer  was  20.4  fxm  (0.803  x  10“^  inches)  with  an 
8.0  percent  coefficient  of  variation.  These  results  are  in  agreement  with  the  20  p m 
(0.787  x  10“^  inches)  mean  diameter  specified  by  DuPont. 

Filament  tensile  specimens  were  individually  mounted  on  paper  tabs  to  facili¬ 
tate  gripping  and  minimize  grip  failures.  The  tabs  were  made  by  cutting  narrow 
slots  equal  to  the  fiber  gage  lengths  in  strips  of  paper,  1-inch  wide  and  1-inch 
longer  than  the  sLots.  Each  filament  was  placed  along  the  center  of  the  slot  and 
secured  at  each  end  of  the  tab  with  adhesive  tape.  The  specimen  mounting  method, 


Figure  3.  As-received  polycrystalline  alumina  fibers  illustrating  diameter  uniformity  and  evidence  of  organic 

residue  along  the  surface. 


as  well  as  the  testing  procedure  used,  were  similar  to  that  specified  in  the  ASTM 
standard  D3379-75,  "Tensile  Strength  and  Young's  Modulus  for  High  Modulus  Single 
Filament  Materials." 


After  gripping  both  tabbed  ends  of  the  mounted  specimen  in  the  tensile  machine 
and  before  applying  any  load,  the  side  strips  supporting  the  fiber  were  severed. 

The  test  was  then  performed  at  a  constant  crosshead  rate  of  0.2  inch  per  minute. 
During  the  test,  tensile  loads  to  failure  were  recorded  using  a  full  scale  range  of 
100  grams  (300  gram  capacity  load  cell)  at  a  chart  speed  of  10  inches  per  minute. 

A  minimum  of  30  filaments  was  tested  with  gage  lengths  of  0.3,  1,  2,  3,  5,  and  10 
inches . 


ELASTIC  MODULUS 

The  static  elastic  modulus  test  method^  utilizes  crosshead  deflections  meas¬ 
ured  for  several  different  gage  lengths  at  a  constant  stress  to  determine  a  unique 
tensile  strain.  From  the  constant  elastic  stress  level  chosen  and  the  corresponding 
tensile  strain  measured,  the  elastic  modulus  can  then  be  directly  calculated. 

Experimentally  measured  crosshead  deflections,  5t ,  obtained  in  the  tensile  test 
may  be  expressed  as 

( 1 ) 

t  n  c  m 


where  <5n  =  the  deflection  due  to  the  gage  length,  jfn;  5c  =  the  deflection  due  to  the 
grip  penetration  length*  fc;  and  5™  =  the  deflection  due  to  the  load  weighing  system 
and  the  grips.  Assuming  5c  anc*  6m  are  constant  for  constant  loads  and  are  indepen¬ 
dent  of  gage  length,  the  equation  for  5t  may  rewritten  as 


6,  =  el 
t  n 


+  6 


(2) 


where  £  =  the  filament  tensile  strain.  It  is  obvious  that  for  constant  stress,  5t 
is  a  linear  function  of  jfn  whose  slope  is  C.  Summarized  in  Table  1  are  the  experi¬ 
mental  5t  data  that  were  obtained  at  an  extrapolated  tensile  stress  of  453.2  ksi 
which  corresponds  to  a  100  gram  constant  load.  A  least  squares  fit  of  these  data 
(Figure  4)  gave  the  following  slope  and  intercept  values: 


£  =  8.07  x  10  ^  inches,  and 
<50  =  5.24  x  10“^  inches. 


Using  the  above  strain,  a  static  elastic  modulus  of  56.2  x  10^  ps i  was  calculated 
which  is  within  the  range  of  a  recently  reported^  value  from  DuPont  of  58.2  i- 2.6  x 
10^  p  s i . 


Assuming  the  load  cell  deflection  was  the  only  factor  contributing  to  5m ,  it 
was  also  possible  to  obtain  the  grip  penetration  length,  jfc  ,  whose  absolute  value 
could  then  be  used  to  derive  a  better  estimate  of  the  actual  fiber  gage  length,  If. 


13.  NUNES,  J.,  and  KLEIN,  W.  A  Method  for  Determining  Tensile  Strains  and  Fla  Stic  Moduli  of  Metallic  Filaments.  Trans,  of  ASM, 
v.  60,  1967,  p.  726-727. 

14.  HACK,  J.  F„  and  STRF.MPFK,  (i.  C.  Fabrication  and  F. valuation  of  Law  Fiber  Content  Alumina  Fiber/ Aluminum  Composites. 
Fiber  Materials  Ine.,  Biddcford,  Maine,  Contract  N AS3-2 1371.  Final  Report  CR-1  59517,  June  1980. 


Table  1.  CROSSHEAD  DEFLECTIONS,  6t,  OBTAINED  FOR 
VARIOUS  POLYCRYSTALLINE  ALUMINA  FIBER  - 
NOMINAL  GAGE  LENGTHS 


Series 

in 

(in. ) 

N 

(10-3  in.) 

Std. 

Dev. 

(10'3  in.) 

FP-1 

0.5 

36 

9.8 

1.7 

FP-7 

0.5 

37 

9.5 

1.6 

FP-2 

1.0 

31 

14.7 

1.3 

FP-3 

2.0 

33 

21.3 

2  5 

FP-4 

3.0 

29 

28.2 

3.3 

FP-5 

5.0 

28 

45.7 

5.0 

FP-5A 

5.0 

31 

43.4 

6.6 

F  P-6 

10.0 

27 

87.2 

13.6 

*6t  was  obtained  by  extrapolating  the  linear  elastic 
load-deflection  curve  to  100  grams  and  measuring  the 
corresponding  deflection. 


Figure  4.  Crosshead  deflection, 6 j,  versus  nominal  gage 
length, in,  of  polycrystalline  alumina  fibers.  (Based  on 
extrapolated  elastic  tensile  load  of  100  grams.) 

<5m  =  3.0  x  10”3  inches  at  a  100  gram  load, 

<5C  "  <5o  ”  5m 5 

ic  =  ! 0 . 28  I  inch 

(by  definition  5c  =  and 

+  ^n- 

An  accurate  determination  of  the  fiber  gage  length  becomes  critical  at  the  shorter 
nominal  gage  lengths;  e.g.,  the  zero  nominal  gage  length  is  actually  a  true  gage 
length  of  0.28  inch  for  the  po 1 yc rys t a  1 1 ine  alumina  filaments  tested. 

In  order  to  obtain  a  second  independent  measurement,  the  elastic  modulus  was 
determined  dynamically  using  a  sonic  pulse  test  method.  The  sonic  velocity,  C,  was 
determined  at  an  excitation  frequency  of  5  kHz  on  several  individual  filaments.  A 
dynamic  tensile  elastic  modulus,  Ej  ,  of  (37.1  ±  3.1)10^  psi  was  calculated  from  the 
following  equation  using  a  density,  P,  of  3.90  g/cm^: 


Both  static  and  dynamic  moduli  agree  within  2  percent  of  each  other. 


All  of  these  moduli  values,  including  the  recently  reported  DuPont  data,  are 
higher  than  what  had  been  published  earlier^ and  may  be  indicative  of  further 
elastic  property  improvements. 

FILAMENT  TENSILE  STRENGTHS 

Filament  tensile  strengths  were  determined  both  directly  and  indirectly.  The 
indirect  method  involved  dividing  the  mean  breaking  load,  L,  obtained  for  each  gage 
length  by  a  representative  fiber  area  to  find  the  mean  failure  stress,  In 

filament  testing,  this  is  the  method  usually  employed  by  investigators. 

The  direct  method  uses  the  individual  filament  area  and  breaking  load  to  detei 
mine  the  failure  stress,^,  and  subsequently  the  mean  failure  stress,  <7f ,  of  all  tl 
specimens  tested.  For  statistical  failure  analysis  of  brittle  fibers,  the  direct 
method  of  determining  failure  stress  is  preferred,  particularly  when  large  diameter 
variations  are  present.  The  importance  of  examining  each  filament  was  further  demc 
strated  by  the  discovery  of  "crooked"  fibers  in  each  population  tested. 

Typically  the  "crooked"  filaments  failed  at  very  low  loads  at  one  of  the  bent 
sections  (Figure  5)  due  to  the  superimposed  bending  stresses  that  developed  in  those 
areas.  Similar  observations  for  this  type  of  failure  with  Fiber  FP  were  made  by 
Prewo.^  Examination  of  both  straight  and  "crooked"  fiber  breaks  did  not  reveal  any 
differences  in  fracture  surface  appearance.  However,  most  of  the  fracture  surfaces 
examined  appeared  to  be  granular  (Figure  6)  which  would  indicate  a  predominant ly 
intergranular  failure  mode. 

Listed  in  Table  2  are  all  the  "am  and  CTf  filament  test  data  obtained  and  the 
corrected  gage  lengths,  J?f,  tested.  Very  large  standard  deviations  (25  percent  to 
45  percent  coefficient  of  variation)  for  both  am  and  <7f  are  evident.  As  with  other 
brittle  filaments,  the  polycrystalline  alumina  also  exhibited  a  strong  gage  length 
dependence  with  failure  stress.  This  is  shown  in  Figure  7  for  am  versus  the  cor¬ 
rected  gage  length,  J?f, 

Using  Weibull  s  tat  i  st  ic  s  ,  ^  ^  Coleman^  proposed  the  following  equation  for 
describing  the  filament  gage  length  mean  failure  stress  dependence: 

of  =  ao£f"1/mr  [1  +  1/m]  (4) 

whe  re 

=  mean  failure  stress,  m  =  flaw  sensitivity  constant,  and 

=  gage  length,  ^  —  8ama  function, 

Qo  =  normalizing  constant, 

15.  WMBULL.  W.  A  Statistical  Distribution  Function  of  Wide  Applicability.  J.  Appl.  Mcch..  v.  18.  1951,  p.  293-297. 

16.  DeSALVO,  (i.  J.  Theory  of  Structural  Design  Application  of  Weibull  Statistics.  Wcstinphousc  Electric  Corp.,  Astronuclcar  Lab. 

Pittsburgh,  Pennsylvania.  Report  WANL-TM 1  -2688,  1970. 

17.  COLI  MAN,  B.  D.  On  the  Strength  of  Classh'al  Fibers  and  Fiber  Bundles.  J.  Mcch.  and  Phy.  Solids,  v.  7,  1958.  p.  60-70. 


Figure  5.  "Crooked"  polycrystalline  alumina  fibers  after  tensile  failure. 
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Figure  6.  Typical  granular  fracture  surface  appearance  for  polycrystalline  alumina, 


Figure  7.  The  effect  of  gage  length  on  filament  tensile  failure  stresses 
of  polycrystalline  alumina. 


Table  2.  MEAN  TENSILE  STRENGTH  RESULTS  OBTAINED  ON  VARIOUS 
POLYCRYSTALLINE  ALUMINA  FIBER  -  CORRECTED  GAGE  LENGTHS 


Series 

‘f 

(in.) 

N 

if 

(10-3  in.) 

Std. 

Dev. 

( 10*3  in. ) 

L 

(grams) 

Std. 

Dev. 

(grams ) 

CTm 

(ksi) 

Std. 

Dev. 

(ksi) 

fff 

(ksi ) 

Std. 

Dev. 

(  KS  1  ) 

FP-1 

0.78 

36 

* 

★ 

44.9 

11.1 

211.5 

52.3 

★ 

* 

FP  -  7 

0.78 

44 

0.797 

0.058 

55.2 

17.8 

243.9 

78.6 

242.2 

65.4 

FP-8 

0.78 

45 

0.802 

0.062 

54.8 

18.6 

239.1 

81.2 

235.7 

67.2 

FP-2 

1.28 

34 

★ 

★ 

49.3 

16.8 

232.2 

79.1 

★ 

★ 

FP-3 

2.28 

34 

* 

★ 

45.6 

14.8 

214.8 

69.7 

★ 

* 

FP-4 

3.28 

33 

* 

* 

44.2 

16.5 

208.2 

77.7 

★ 

★ 

FP-5 

5.28 

31 

★ 

★ 

44.0 

13.2 

207.2 

62.2 

* 

★ 

FP-9 

5.28 

47 

0.791 

0.064 

42.0 

14.1 

188.4 

63.2 

187.8 

59.5 

FP-6 

10.28 

33 

★ 

★ 

38.5 

16.1 

181.3 

75.8 

★ 

* 

FP-10 

10.28 

40 

0.824 

0.074 

37.7 

16.9 

155.8 

69.9 

150.6 

55.4 

*-  o 

df  =  (0,772  ±  0 • 069 ) 10“ J  in.  Average  diameter  based  on 
metal lographic  measurements  of  54  filaments. 

N  -  Number  of  filaments  tested. 


df  =  Average  filament  diameter. 

L  -  Average  filament  breaking  load. 

<jm  -  Average  filament  failure  stress  (indirect  method). 

Of  =  Average  filament  failure  stress  (direct  method). 

<jf  =  Individual  filament  failure  stress. 


Many  different  types  of  fiber  materials  can  be  adequately  represented  by  Equation  4 
For  comparative  purposes,  graphically  determined  values  of  (T0  and  m  are  listed  in 
Table  3  for  the  materials  shown  in  Figures  1  and  2. 


The  flaw  sensitivity  constant,  m,  reveals  the  degree  of  flaw  homogeneity  or 
distribution  which  is  related  to  the  scatter  exhibited  in  the  filament  test  results 
High  m  values  signify  a  uniform  distribution  of  very  homogeneous  flaws.  Low  m 
values  signify  a  flaw  severity  that  is  highly  variable  or  a  nonuniform  dispersion 
of  flaws.  Brittle  materials  characteristically  have  low  m  values  while  tougher 
materials,  such  as  304  stainless  steel,  exhibit  much  higher  m  values.  As  m 
approaches  infinity,  the  scatter  approaches  zero  and  the  normalizing  constant,  oG , 
can  then  be  used  to  obtain  the  flaw  free  failure  stress.  This  stress  is  not  neces¬ 
sarily  the  ideal  strength  of  the  filament;  rather  it  is  the  volume  or  surface  area 
independent  failure  stress 


Table  3. 

FOR 

TYPICAL 

VARIOUS 

WEIBULL  CONSTANTS 
FILAMENTS 

Mater i al 

°n 

(ksi ) 

( ks  i  -  in . 

1/m) 

IT) 

304  SS 

345 

350 

40 

Boron 

530 

556 

11.4 

Silicon  Ear bide 

600 

639 

\6 

Graph i to 
(Pitch  Base) 

325 

346 

7.6 

Graph i t  e 
(Pan  Base) 

260 

281 

5.6 

-n  Moan  failure  sires* 

•  «'  ‘n  1 

1  M  . 

Normalizing  r  on  ’.taut 
m  F  1  aw  sens  1 1. 1  v  i  t  y  <  or  ■  irit 


8 


In  Equation  4,  it  was  assumed  that  the  following  two-degree-of -f reedom  ( <T0  and 
m)  Weibull  distribution  function  adequately  described  the  failure  probability  of 
most  filaments. 


P  =  1-exp  \-Z 


For  a  given  fracture  stress, Of,  Weibull  determines  the  failure  probability  as 

P  =  TfV  (6) 

N+  1 

where  n  =  number  of  filaments  that  fail  at  or  below  Of ,  and 
N  =  total  number  of  filaments  tested. 

A  graphical  solution  of  aQ  and  m  can  be  obtained  by  plotting  the  following 
linearized  function  of  Equation  5. 


Zn  ^nl]“Ipy  =  m  Zn  +  Zn 


Using  Equation  7,  the  failure  probabilities  were  plotted  versus  Of  for  filament  ten¬ 
sile  test  results  obtained  on  0.5-,  5.0-,  and  10.0-inch  nominal  gage  lengths  (Fig¬ 
ures  8  through  11).  Weibull  probability  has  been  used  to  show  the  failure  proba¬ 
bility  percentages,  rather  than  the  actual  logarithmic  values.  The  individual  data 
points  have  also  been  tabulated  in  the  Appendix.  Two  sets  of  data  are  shown  in  Fig¬ 
ures  8  through  11  which  represent  (a)  all  test  results  including  straight  and 
''crooked”  filaments,  and  (b)  test  results  only  for  the  straight  filaments.  As  men¬ 
tioned  earlier,  each  of  the  gage  lengths  tested  contained  "crooked"  filaments 
(approximately  12  percent).  Because  the  "crooked"  filaments  could  fail  under  a 
superimposed  bending  stress,  they  would  not  reflect  the  uniaxial  tensile  strength 
population  and  would  not  be  representative  of  the  filaments’  in  situ  composite  be¬ 
havior.  All  of  the  figures  show  that  a  reasonable  linear  fit  to  the  data  was  ob¬ 
tained  when  the  suspected  filaments  were  excluded  from  the  distribution.  Weibull 
parameters,  aQ  and  m,  obtained  from  these  linearized  curves  are  summarized  in  Table 
4  with  the  corresponding  mean  failure  stresses.  A  least  squares  fit  of  & f  versus  JPf 
(Figure  12)  gave  an  m  of  6.5  and  <70  of  266.9  ksi-in.*/™  which  compares  favorably 
with  the  constant  gage  length,  measurements  of  m  andc^. 


Table  4.  WEIBULL  PARAMETER  AND  MEAN  FAILURE  STRESSES  FOR  POLYCRYSTALLINE 
ALUMINA,  EXCLUDING  "CROOKED"  FILAMENT  DATA 


df 

(10*3  in. 


(qrams ) 


19 

0.804 

60.? 

?61  A 

10 

0.806 

69.2 

?55.f 

IT 

0./9S 

44.9 

199.4 

IS 

0.-M0 

4?.? 

171.  c 

(ksi)  ( k s i  )  (ksi)  (ksi - in. 


Failure  Stress  <ksi> 


Figure  8.  WeibuH  distnoution  curves  for  0.5-inch  nominal  gage  length, 
polycrystalline  alumina  filaments  (FP-7  series);  (a)  results  for  all  filaments 
tested,  and  (b)  results  with  suspected  filaments  excluded. 


Figure  10.  Weibull  distribution  curves  for 
5.0-inch  nominal  gage  length,  polycrystalline 
alumina  filaments  (FP-9  series);  (a)  results 
for  all  filaments  tested,  and  (b)  results  with 
suspected  filaments  excluded. 


Figure  11.  Weibull  distribution  curves  for 
10.0-inch  nominal  gage  length,  polycrystalline 
alumina  filaments  (FP-10  series);  (a)  results  for 
all  filaments  tested,  and  (b)  results  with  sus¬ 
pected  filaments  excluded. 


± 
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Figure  12.  The  effect  of  gage  length  on  fila¬ 
ment  tensile  failure  stresses  of  polycrystalline 
alumina  excluding  "crooked"  filaments. 


COMPOSITE  TENSILE  STRENGTHS 


A  number  of  failure  mechanisms  have  been  proposed  *  2 , 18-20  t0  describe  the  frac¬ 
ture  of  continuous  uniaxiaily  aligned  fiber-reinforced  composites.  At  least  three 
failure  modes  have  been  recognized  for  the  case  of  tensile  deformation  along  the 
fiber  axis.  The  failure  modes  and  several  relationships  that  have  been  developed 
for  brittle  fibers  using  Weibull  failure  statistics  (Equation  5)  are  as  follows: 

1.  A  bundle  fracture  mode  that  is  characterized  by  very  weak  or  no  interfacial 
bonding  between  fiber  and  matrix.  When  this  condition  is  present  the  composite  ten¬ 
sile  strength  is  controlled  by  the  bundle  strength  of  the_fiber.  The  following 
equation  by  Coleman^  describes  the  mean  bundle  strength  CT^  for  brittle  filaments: 


where  £  £  =  gage  length,  and  e  =  Naperian  base  number. 

2.  A  transverse  cracking  mode  that  is  characterized  by  a  crack  propagating 
from  the  site  of  the  first  fiber  that_fails.  Zweben^l  has  proposed  a  lower  bound 
solution  for  determining  the  stress,  O'],  required  to  break  the  first  fiber  as  fol- 
1  ows : 


where  9  is  the  composite  gage  length  and  N  is  the  total  number  of  fibers.  Although 
the  transverse  cracking  mode  may  not  be  common  to  most  composites,  it  appears  to 
have  occurred  in  some  boron/aluminum  systems  12,22  where  the  presence  of  very  large 
diameter  brittle  fibers  in  a  well-bonded  matrix  appears  to  have  promoted  this  type 
of  failure.  A  well-bonded,  br i t t le- f i ber ,  brittle-matrix  composite  would  be  the 
simplest  case  where  Equation  9  could  be  expected  to  apply. 

3.  A  statistical  failure  modi'  that  is  charac  t  or  i  zed  by  the  accumulation  of 
fiber  breaks  throughout  the  entire  stressed  composite  volume'.  Zweben  proposed  12,20 
that  the  stress,  a?,  required  to  break  the  first  overs  tressed  fiber  leading  to  fiber 
break  propagation  is  a  lower  bound  for  composites  that  exhibit  the  statistical  fail¬ 
ure  mode.  Random  fiber  breaks  are  assumed  to  develop  localized  stress  pe r t ur ba t i ons 
Stresses  in  tin*  vicinity  of  the  broken  fibers  are  reduced  over  an  ineffective  gage 
length,  5.^  Stress  concent  ra  t  ions  also  develop  in  tin*  unbroken  surrounding  fibers 
increasing  their  failure  probability.  Zweben  proposed  that  these  overstressed 
fibers  subsequently  trigger  fiber  break  propagation  when  02  *s  reached.  This  lower 
bound  stress  relationship  is 

a,  -  a,,  ['(N«Mkm-l  '  (10) 


18.  K  OS  I  N.  H.  W.  Ph  rmonieehanit  al  Properties  of  Ithnms  Cntnpi  *  sites.  Proo.  K.  Soo.  I  omfoti,  Soo.  A  319,  1970.  p.  79-94. 

19.  H.\|  I  .  |).  k..  .uni  kll.l  V.  A.  Strength  of  fibrous  Composite  Materials.  A  mm.  Koe  Materials  Science.  v.  2.  1972,  p.  405-462. 

20.  /Wl  HI  N.  t  .  fensil,  Strength  of  Hybrid  Composite ■%.  I.  ol  Materials  Suenee.  v.  1  2,  1977.  |>.  1325-1337. 

21.  /Wl  HI  S.  (  .  Icnstfe  failure  of  fiber  {  omposttes.  MW  1..  v  6.  1968.  p.  2325  2331. 

22.  /Wl  HI  N,  C  1  Houndwg  \ppr*Htch  In  the  Strength  «*/  ('ompnsih  Materials  1  nr.  I  rael.  Modi.,  (iroat  Hril.iin,  v.  4.  1972.  p.  1-8. 

23.  KOSI  N.  H.  \\.  \h(liann  \  of  (’ompostte  Strenythentm\  in  f  iber  (\*mpo\ite  Matt-rials.  American  Soc.  tor  Metals.  Metals  Park.  Ohio, 
|96^.  p.  37-75. 


The  stress  concentration  factor,  k,  is  assumed  to  be  1.146  for  a  square  array  of 
fibers^  and  the  ineffective  gage  length,  6,  is  obtained  from  the  following  equa¬ 
tion  proposed  by  Friedman 


where 

df  =  fiber  diameter, 

Ef  =  fiber  elastic  tensile  modulus, 

Gm  =  matrix  elastic  shear  modulus,  and 

Vf  =  volume  fraction  fibers. 

Zweben  also  sugges t s_that  the  following  relation  proposed  by  Rosen^  predicts  the 
upper  bound  stress,  au  ,  for  composite  failure  by  the  statistical  mode.  In  this 
case,  stress  concentrations  are  neglected,  therefore 

°u  =  a0(<5me)  1^m* 

Although  the  physical  significance  of  Equation  11  has  been  questioned,^  it 
has  been  successfully  used  for  evaluating  both  polymer  ic  ^ ,  22  ancj  metal  matrix^ 
composite  strengths. 

Using  the  Weibull  parameters  (m  =  6.5  and  (X0  =  266.9  ksi-in.^m)  determined  in 
this  study,  a  theoretical  compari  on  was  made  between  the  various  failure  modes 
and  experimental  fiber  failure  stresses  obtained  from  reinforced  aluminum-*  and  mag¬ 
nesium^  composite  tensile  results.  The  statistical  failure  mode,  lower  bound  stress 
o 2,  appears  to  give  the  best  correlation  with  the  experimental  data  as  shown  in 
Table  5.  Although  the  bundle  failure  stress,  cj^,  also  appears  to  correlate  reason¬ 
ably  well,  it  cannot  be  considered  valid  because  there  was  no  evidence  reported  of 
fiber  pullout  or  debonding  for  the  composites  evaluated.  Both  the  lower  bound 
stress,  <j }  ,  (transverse  fracture  mode)  and  the  upper  bound  stress,  (7U ,  (statistical 
failure  mode)  differed  significantly  from  the  experimental  data.  However,  the 
attainment  of  <7U  is  conceivable  provided  a  well-bonded,  fracture-resistant  matrix 
is  utilized.  In  the  opposite  sense^  a  well-bonded  brittle  matrix  could  conceivably 
have  resulted  in  the  attainment  of  <jj  . 

Referring  to  the  & f  data  in  Figure  12,  it  can  be  seen  that  at  a  4-inch  gage 
length  a  mean  failure  stress  of  200  ksi  is  obtainable.  Because  the  experimental 
composite  test  specimen  gage  lengths  were  4  inches,  this  stress  was  used  for  a 
ru le-o f-mixtures  strength  prediction  that  assumed  failure  at  a  uniform  fiber  stress. 
Obviously,  in  this  case,  a  ru le-o f-mix tures  prediction  based  on  CTf  would  give  un¬ 
realistically  high  composite'  tensile  stresses. 

24.  HEDGEPETH,  J.  M.,  and  VAN  DYKE,  P.  Local  Stress  Concentrations  in  Imperfect  Filamentary  Composite  Materials .  J.  Composite 
Materials,  v.  1,  1967,  p.  294-309. 

25.  FREIDMAN,  E.  Proceedings  of  the  22nd  Annual  Conference  of  the  Society  of  the  Plastics  Industry.  Reinforced  Plastics  Division 
Paper  4 A,  1967. 


Table  5.  COMPARISON  OF  THEORETICAL  BOUNDING  STRESSES  WITH 
EXPERIMENTAL  COMPOSITE  FIBER  FAILURE  STRESSES 


Vf 

®1 

°b 

"2 

Exp.  Fiber 
Failure  Stress1" 

Composite* 

(*) 

(ksi) 

(ksi) 

(ksi) 

(ksi) 

(ksi ) 

AI203/A1 

60 

479.9 

38.7 

mm 

150.6 

148.9(5) 

Al 203/Mg 

50 

454.7 

39.8 

■ESI 

148.7 

146.0(5) 

*Where  applicable:  If  =  4  inches  =  I 


Nl  =  (Vfuc/af) 

uc  =  Composite  volume  (0.2  in. 3) 
af  =  Fiber  area  (df  =  0.8  x  10~3  in.) 

Ef  =  57  x  106  psi 
Gm  (Al)  =  3.4  x  106  psi 

Gm  (Mg)  =  2.4  x  106  psi 

tExperimental  fiber  failure  stresses  determined  from  composite  and 
matrix  tensile  stresses  in  References  5  and  6  as  follows: 

<rc  (AI2O3/AI)  =  95  ksi ,  <rm  =  14.2  ksi 

°c  ( A 1 203/^9 )  =  77  ksi,  am  =  8  ksi 

Fiber  failure  stress  =  [ crc - crm (1-Vf)]/Vf 


Figure  13  shows  the  experimental  composite  tensile  strengths  for  the  polycrys¬ 
talline  alumina  (Fiber  FP)/aluminum  composites  obtained  from  Reference_5  versus  the 
volume  fraction.  The  theoretical  curve  obtained  from  Equation  10  for  gives 
excellent  agreement  with  the  data.  Also  shown  is  the  rule-of-mix ture  curve  that  was 
derived  from  the  4-inch  gage  length  data.  A  decrease  in  composite  tensile  strength 
with  an  increase  in  the  composite  volume  tested  can  also  be  obtained  from  Equation 
10.  This  is  schematically  shown  in  Figure  14  for  the  same  composite  system  (Fig¬ 
ure  13)  at  50  percent  volume  fraction  fiber. 


Figure  13.  Experimental  compos¬ 
ite  tensile  strength  comparisons 
with  theoretical  curves  derived 
from  the  lower  bound  statistical 
failure  stress,^,  and  the  uniform 
failure  stress, <jf,  (4-inch  gage  length) 
for  a  polycrystalline  alumina- 
reinforced  aluminum  alloy. 
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Figure  14.  Schematic  illustration  of  the  theo¬ 
retical  effect  of  specimen  volume  on  the  tensile 
strength  of  a  50  percent  volume  fraction  poly¬ 
crystalline  alumina-reinforced  aluminum  alloy. 
*&c  is  the  composite  strength  andd^  is  the 
filament  lower  bound  statistical  failure  stress.) 
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SUMMARY  AND  CONCLUSIONS 

As  with  most  brittle  materials,  this  study  has  shown  a  significant  gage  length 
dependence  and  a  large  variability  in  the  failure  strength  of  polycrystalline  alu¬ 
mina  (AI2O3)  fibers  (referred  to  as  Fiber  FP  by  the  producer,  DuPont). 

Some  filaments  in  the  test  population  contained  a  processing  defect  consisting 
of  rigid  bends  along  the  fiber.  These  "crooked"  filaments  failed  at  very  low  loads 
due  to  the  development  of  superimposed  bending  stresses  at  the  bent  sections.  This 
change  in  stress  state  was  reflected  by  a  second  linear  region  in  the  logarithmic 
Weibull  distribution  curve  of  failure  probability  versus  stress. 

A  two-parameter  Weibull  distribution  function  was  found  to  adequately  describe 
the  gage  length  dependence  and  failure  probabilities  for  most  of  the  filaments 
tested.  ^  (Crooked  filaments  were  excluded  from  the  test  population  as  their  stress 
state  was  assumed  to  be  unrepresentative  of  in  situ  composite  behavior.)  The  We i - 
bull  parameters  that  best  described  all  the  gage  lengths  evaluated  were  6.5  for  m 
(the  flaw  sensitivity  constant)  and  266.9  ksi-in.*/m  for  &a  (the  normalising  con¬ 
stant)  . 

Exceptionally  good  agreement  (within  2  percent)  was  obtained  from  a  theoretical 
lower  bound  stress  prediction  based  on  a  statistical  failure  mode  and  published  ten¬ 
sile  strength  data  on  Fiber  FP/aluminum  and  Fiber  FP/magnes i um  composite  castings. 
However,  no  correlation  could  be  obtained  when  the  same  experimental  data  was  com¬ 
pared  t  a  ru  1  e-of  -mixtures  prediction  based  on  the  mean  fiber  failure  stress.  This 
further  demonstrated  the  importance  of  obtaining  accurate  statistical  strength  data 
when  dealing  with  brittle  fiber  reinforcements.  Also  inherent  in  the  statistical 
failure  mode ,  lower  bound  stress  analysis,  is  a  composite  vo l ume- f a i 1 ure  stress 
dependence.  Additional  experimental  studies  are  needed  t o  confirm  this  analysis  as 
well  as  establish  the  actual  volume  sensitivity  for  this  type  of  material.  Particu¬ 
lar  emphasis  should  be  directed  toward  the  metal  matrix  composite  systems  current  l  v 
being  evaluated  for  helicopter  and  bridging  applications. 


APPENDIX 


Table  A-l.  FILAMENT  TEST  DATA  FOR  0.5-INCH  NOMINAL 
GAGE  LENGTH  POLYCRYSTALLINE  ALUMINA  (FP-7  SERIES) 


Table  A-2.  FILAMENT  TEST  DATA  FOR  0.5-INCH  NOMINAL 
GAGE  LENGTH  POLYCRYSTALLINE  ALUMINA  (FP-8  SERIES) 


Sample  (10 


71 

7 

319 

2 

40 

97 

6 

97 

6 

299 

8 

39 

95 

1 

66 

3 

297 

4 

38 

92 

7 

67 

0 

295 

0 

37 

90 

2 

75 

5 

294 

7 

36 

87 

8 

82 

5 

293 

7 

35 

85 

4 

67 

2 

291 

1 

34 

82 

9 

60 

4 

289 

0 

33 

80 

5 

76 

2 

287 

9 

32 

78 

0 

67 

1 

287 

8 

31 

75 

6 

70 

7 

287 

4 

30 

73 

2 

57 

0 

286 

7 

29 
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Table  A-3.  FILAMENT  TEST  DATA  FOR  5.0-INCH  NOMINAL 
GAGE  LENGTH  POLYCRYSTALLINE  ALUMINA  (FP-9  SERIES) 


Table  A-4.  FILAMENT  TEST  DATA  FOR  10.0-INCH  NOMINAL 
GAGE  LENGTH  POLYCRYSTALLINE  ALUMINA  (FP-10  SERIES) 
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